We studied a-Si film deposited by rf sputtering as a precursor material for laser crystallization. The oxygen contents from 4.63 to 16.62 at. % was found in the fairly optimized a-Si films deposited by Xe sputtering. The oxygen gas incorporation increased the surface roughness and exacerbated the Si film agglomeration phenomenon during laser crystallization. The incorporated oxygen atoms in polycrystalline Si (poly-Si) film limit the grain growth of Si atoms below 50 nm.
Flexible displays on plastic substrates, using polycrystalline Si (poly-Si)-based thin film transistor (TFT) devices to drive either active matrix liquid crystal displays (AMLCDs) or active matrix organic light emitting diode (AMOLED) display are expected to be a driving force of the display industry in the near future. The main challenges that are anticipated in the manufacture of poly-Si TFTs on plastic are the deposition of the precursor a-Si, and the crystallization of this layer at temperatures compatible with the plastic substrates-generally below 200 C. 1, 2) A major bottleneck in developing a low temperature poly silicon (LTPS) TFT on plastic substrate is the deposition of the precursor a-Si film. Generally, only plasma enhanced chemical vapor deposition (PECVD) and sputter technique can support low temperature processes. Although many works have been reported for PECVD a-Si film, relatively little work has focused on the sputtered a-Si film. [3] [4] [5] [6] [7] However, hydrogen-rich a-Si film by PECVD is unattractive for laser processing in that a-Si film was ablated by explosive hydrogen evolution. The low content of hydrogen in the a-Si film is easily controlled using the sputtering technique. However, the sputtered a-Si film also has the problem of film delamination during excimer laser annealing (ELA) at higher laser energy densities. Some reports explain that this delamination is due to film ablation by explosive evolution of captured Ar gas. 5) In the previous work, we deposited the precursor a-Si film with impurity gas of 0.39 at. % by Xe sputtering 8) and suppressed the delamination of Si film during laser irradiation.
However, even though the a-Si film by Xe sputtering solved delamination problem of Si film during laser irradiation, the sputtered a-Si film on plastic substrate has another problem of Si film agglomeration at high laser energy density.
In this experiment, we tried to find out factors strongly related to Si film agglomeration during laser annealing. Figure 1 shows the schematic cross-sectional view of sample structure used to this experiment. The substrate used in this study is plastic substrate, which is polyethersulfone (PES). Before deposition of the a-Si layer, the intermediate buffer layer, SiO 2 film of 1 mm thickness, was deposited as thermal barrier during laser crystallization between the plastic substrate and the Si film. 1-mm-thick SiO 2 film was deposited on back side of plastic substrate for adjusting mechanical balance of upper and bottom of plastic substrate. Also, a 100-nm-thick SiN x layer between plastic substrate and SiO 2 film was used to adhere to a SiO 2 film and plastic substrate with organic coating layer at only back side. The SiN x layer and the SiO 2 layers were deposited by lowtemperature (120 C) PECVD method. The a-Si layer was deposited by using rf sputtering with Xe plasma.
8) The working pressure of the sputtering gas was changed from 2 to 8 mTorr, and the rf power was changed from 50 to 400 W. The a-Si film deposited by sputtering was crystallized by using XeCl excimer laser ( ¼ 308 nm, SOPRA SEL15) with the pulse duration of 160 ns. The excimer laser irradiation was performed at energy density ranging from 200 to 800 mJ/cm 2 . The resulting microstructures were imaged using scanning electron microscopy (SEM) and transmission electron microscopy (TEM; using Phillips G2 FETEM). The impurity gas contents incorporated during sputtering were analyzed by X-ray photoemission spectroscopy (XPS; using Q2000) and Rutherford back-scattering spectroscopy (RBS). Finally, the smoothness of a-Si film on plastic substrate was measured by UV reflectance, 9) indirectly. Figure 2 shows the deposition rate and the impurity gas contents such as oxygen and xenon as a function of rf power and working pressure at the deposition of a-Si film by Xe sputtering. Before laser crystallization of sputtered a-Si films, the oxygen contents and the xenon contents of each sputtered a-Si film with various deposition conditions were measured by XPS and RBS, respectively. The sputtered a-Si films deposited by various deposition condition have the similar Xe gas contents of below 0.3 at. %. However, the deposition rate and the oxygen contents strongly depend on the deposition condition such as rf power and working pressure; the deposition rate increase with increasing rf power and decrease with increasing working pressure, and the oxygen contents decrease with increasing rf power and increase with increasing working pressure. In Fig. 2 , the oxygen gas contents dominantly depend on deposition rate of the a-Si film deposited by Xe sputtering, that is, the longer deposition time, the larger the incorporated oxygen contents. It is thought that oxygen incorporation in films is usually related to the background oxygen partial pressure in the reactor. 10) This, in turn, depends on reactor system leaks, incoming gases, and desorption of oxygen or moisture from the walls of the chamber. Figure 3 shows the UV reflectance at 200 nm of the sputtered a-Si films and the laser energy density each Si film begins to be agglomerated as a function of oxygen contents. In this paper, the Si film agglomeration was defined as the status that substrate was exposed at local region on poly-Si film without the ablation of Si film during laser annealing and was measured by SEM images. In general, the UV reflectance at 200 nm at Si films is strongly related to surface roughness; the higher the UV reflectance at 200 nm, the lower the surface roughness of the a-Si films. In Fig. 3 , the smoothness of the as-sputtered a-Si films is degraded with increase of incorporated oxygen contents. It is thought that the degradation of surface roughness is caused by the expansion of a local volume at the sputtered a-Si film in that small amount of oxygen atoms react with a portion of the Si atoms on surface of the deposited a-Si films after the a-Si films was deposited at all area of plastic substrate, uniformly. Of course, in order to verify the increase of the surface roughness by oxygen incorporation in a-Si film during the sputtering, the some additional experiments such as a-Si deposition by sputtering at various base pressures are required. Also, the laser energy density, in which Si film begin to be agglomerated, was lowered by increase of oxygen gas contents. It is thought that the local thickness difference of the a-Si film caused by the reaction between small amount of oxygen atoms and a portion of the Si atoms on surface of the deposited a-Si films during a-Si deposition becomes larger during laser crystallization in that Si atoms molten by laser irradiation stick to non-molten Si clusters. This phenomenon was obtained as the agglomeration characteristics. This is similar to the situation that solid and liquid Si are found to coexist within the molten zone at zone-melting recrystallization (ZMR). In the ZMR condition with the coexistence of solid and liquid Si, the surface morphology was degraded in that the difference in reflectivity between the solid and liquid increases the coexistence time of solid and liquid Si by the re-irradiation of the radiative heating highly reflected by liquid Si. Figure 4 shows the SEM images of poly-Si films by laser crystallization of the sputtered a-Si films (a) with low oxygen contents of 5.04 at. % and (b) with high oxygen contents of 16.62 at. %. After laser crystallization, the polySi film by the sputtered a-Si films with high oxygen contents had too rough surface morphology by Si film agglomeration and it was thought hard to realize TFT with high electrical performance in that poor interface characteristics was expected. However, the poly-Si film by the sputtered a-Si films with low oxygen contents had relatively smooth surface morphology and the traces of Si film agglomeration were not observed. Figure 5 shows TEM images of the poly-Si film by the sputtered a-Si films with low oxygen gas contents. The traces of Si film agglomeration also were not observed by TEM images. However, despite removing Si film agglomeration, the poly-Si film by sputtered a-Si films with low oxygen contents had small grains, which have the size of about 50 nm similar to Si film thickness. It is thought that even though the incorporated oxygen gas contents is small, the oxygen gases of 5.04 at. % affected grain growth during laser crystallization. The limitation of Si grain growth by oxygen incorporation at liquid phase crystallization (LPC) using laser annealing has not been reported up to now. Also, it can be thought that the limitation of Si grain growth by incorporated oxygen gas at LPC is similar to inhibition of Si grain growth by oxygen impurity at solid phase crystallization (SPC). 10) In SPC, Angelucci et al. reported that the oxygen atoms in the initial Si films can inhibit grain growth during subsequent SPC process.
11)
12) Also, the segregation of oxygen atoms at grain boundaries can be caused and this can lead to a much higher than average local oxygen concentration, which can impede grain boundary movement even though the average oxygen concentration is reasonably low. 13) In this experiment, the poly-Si films was crystallized by laser irradiation with a step-by-step interval of 50 mJ/cm 2 from 50 mJ/cm 2 , 5 shots at each step, and it could be thought that the laser-induced multi-shot grain growth phenomenon is similar with SPC behavior such as secondary grain growth driven by surface energy. 14) In conclusion, the oxygen gas incorporation by the surface oxidation during the deposition of the a-Si film by Xe sputtering increases the surface roughness of the sputtered aSi films and this exacerbate the Si film agglomeration characteristics during laser crystallization. Also, the incorporated oxygen atoms suppress the grain growth of Si film by laser annealing of multi steps and multi shots. 
